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The design and analysis of a low-frequency, resonant, 
tonpilz type, rare earth iron underwater sound transducer using 
rods of Tb. 27oy_ 73Fe1. 95 are desctibed, An equivalent circu1t is 
presented ~hich predicts the performance of the transducer in the 
presence of eddy currents and demagnetization. The effect of eddy 
cu rents on the impedance of a rod is discussed. The predicted 
pelfor ance of a lam1nated transducer is compared with that of an 
unlaminated transducer. The performance of the rare earth iron 
tra sducer is compared with the performance of the same transducer 
. ith identical ceramic active elements. Data on transmitting 
current response, transmitting voltage response, free field voltaae 
sens"tivity coupling coefficient, efficiency, and linearity are 
presented. Advantages, disadvantages, and possible uses of rare 
earth iron mater·al a e discussed. 
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Background and History of the Rare Earth Iron Alloys 
This research report begins with a brief historical review 
of transduction materials given by Timme [1]. 
Before the 1950's, the choices of energy conversion mate-
ials available to designers of underwater sound transducers 
\vere limited to magnetostrictive metals such as nickel and its 
alloys and natural or man-grown piezoelectric crystals such as 
quartz, ammonium di hydrogen phosphate, and a fe\v others. The 
magnetostrictive metals were superior in many ways, but even 
they \'/e e 1 i mi ted to maxi mum strains of a few tens of parts per 
million. ~ith the discovery in the 1950 1 s of the piezoelectric 
qualities of the polarized ferroelectric ceramics barium tita-
nate and lead zirconate titanate, use of the magnetostrictive 
metals declined. Thus, in recent years, piezoelectric ceramic 
m terials have been used as the acoustic element in most sonar 
devices. Tne ceramics have had many advantages, but recent 
developments in magnetostrictive materials prompt investigation 
of their applications as acoustic elements. 
Magnetostriction or Joule magnetostriction is the ability of 
a ferromagnetic material to strain (i.e., change in length) under 
the application of a magnetic field. The converse effect (Villari 
effect) is the production of a flux density by the application of 
stress to a ferromagnetic material. 
In 1963 and 1964 the rare earth elements terbium (Tb) and 
dysprosium (Dy) were discovered to possess extremely large magneto-
str·ictions, as much as 1%. These magnetostrains were not imrr:edi-
ately useful for application to transducers (energy conversion 
1 
devices) because they occurred only at cryogenic temperatures. Then 
in 1971 Clark and Belson [2] of the Naval Surface Weapons Center and 
Koon, Schindler, and Carter [3] of the Naval Research Laboratory 
discovered, independently and almost s1multaneously, that the magne-
tostrains exhibited by b·nary alloys of certain rare earth elements 
and iron at room temperature are 10 to 100 times that of nickel, a 
commonly used magnetostrictive metal. Although the binary alloys 
such as terbium iron (TbFe2) and samarium iron (SmFe2) exhibit 
extremely large ma gnetostrains they require large magnetic fields 
(on the order of 1.6 MA/m or 20,000 Oe) to generate these strains 
[4]. This is due to a large magnetic anisotropy, which means it is 
ery difficult to otate the direction of magnetization. Thus a 
transducing device using the binary alloys is met with the practical 
problem of efficient y generating large magnetic fields. Additional 
investigations by Vlilliams and Koon [5] and by Clark [6] have shown 
th t the anisotropy of a ternary alloy of terbium holmium iron or 
terbium dysprosium iron is much lower than that of the binary alloy 
and even though the magnetostrain is somewhat reduced, it is still 
20 times larger than n1ckel. Koon et al. [7], Timme and Koon [8], 
and Timme [1] have investigated the magnetomechanical properties 
of the terbium holmium iron system. Savage et al. [9], Clark and 
Savage [10], and Savage and Ferranco [11] have measured the same 
properties of the terbium dysprosium iron system. 
Investigations have recently begun of quaternary alloys of 
terbium holmium dysprosium iron. Koon and Williams [12] have found 
that a rare earth composition of 20% terbium, 58% holmium, and 22% 
2 
dysprosium has its lowest order magneto-crystalline anisotropy con-
stants near zero and similar to that of nickel, while the magneto-
strain is still very large. It is possible that the quaternarys 
will turn out to be the most useful compositions, but the data are 
too preliminary to tell. 
The best rare earth iron composition presently available 




Fe1_95 ). This particular composition was chosen because it has low 
anisotropy, large magnetostriction, and a large magnetomechanical 
coupling coefficient. The coupling coefficient is a figure of merit 
of a transducing material and is a measure of the energy conversion 
capability of t he material. 
As an introduction to this alloy consider table 1. Shown 
here are the coupling constant, electromechanical energy density, 
and typical operating efficiency for nickel, PZT-4 (a commonly used 
piezoelectric ceramic), and Tb. 3Dy. 7Fe2. The coupling constant of 
PZT-4 and terbium dysprosium iron is nearly the same and about twice 
that of nickel. The electromechanical energy density which relates 
the amount of electrical or magnetic energy that can be transformed 
to elastic energy under the proper conditions is much larger for 
terbium dysprosium iron than for the ceramic which in turn is larger 
than for nickel. The typical efficiency of a sonar transducer using 
nickel or PZT-4 is also given but cannot be compared to terbium 
dyspro~ium iron at this time. This table implies that terbium 
dysprosium iron might have great promise because it equals or 
exceeds certain characteristics of the ceramic which is a widely 
3 
used transducer material that has nearly replaced nickel. 
TABLE 1 
COMPARISON OF SEVERAL TRANSDUCER MATERIALS 
Maximum Electromechanical Typical 
Material Coupling Energy Density Efficiency 
Constant (J/m3) (%) 
Nickel 0.3 27 15 
PZT-4 0.7 630 70 
Tb. 3Dy. 7Fe2 0.6 6800 ? 
In order to further introduce this alloy consider figure 1. 
Shown here is a comparison of the strains of terbium dysprosium iron 
and nic el versus flux density. The strain of the rare earth is 
about 20 ti mes that of nickel at a flux density of 1.2 tesla (which 
corresponds to a field of 2000 Oe) and is still far from saturation 
at this flux density. The nickel sample saturates at about .5 tesla 
to a maximum negative strain of 40 parts per million. The strain of 
PZT-4 is also shown for comparison. There is no definite relation-
ship between the units of the electric field and the magnetic flux 
density on the abscissa except that from a practical point of view, 
the problems encountered in handling an electric field of 0.5 MV/m 
and a magnetic field of 80 kA/m (which corresponds to a flux 
density of .95 tesla or a field of 1000 Oe) are nearly the same in 
degrees of difficulty. The dashed portion of the PZT-4 strain curve 
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Therefore, from figure 1 one sees that the rare earth iron alloy has 
considerably greater strain (to which the sound pressure is propor-
tional) than either the nickel or ceramic material. 
Figure 1 also indicates the linearity of the terbium dys-
prosium iron alloy. The strain of both the nickel and the terbium 
dysprosium iron alloy increase approximately as the square of flux 
density up to about .5 tesla (5000 G). Above .5 tesla nickel 
saturates but the rare earth alloy approaches a linear increase 
until it reaches about 1.1 tesla {11,000 G). Therefore a dynamic 
flux density about a fixed bias field, in the linear region, should 
yield a linear output. A linear output, using terbium holmium iron, 
has been observed by Timme [1] until the alternating field magnitude 
approached 80% of the bias field magnitude. 
Previous Rare Earth Iron Transducers 
The design of rare earth transducers has been less than 
optimum because the des1gns were initiated before the rare earth 
alloys were completely investigated. Not including the present 
work, four experimental rare earth iron transducers have been 
developed. All four designs utilize terbium dysprosium iron as 
their active elements. 
Smith and Logan [13] have developed a multi-resonant, 
"folded horn", underwater sound transducer designed to operate in 
the 3-15 kHz range. Their major conclusions were that reasonable 
output pressure levels could be obtained utilizing the rare earth 
iron material. The rare earth transducer exhibited a lower 
6 
resonance frequency than the same transducer with a ceramic active 
element. There was insufficient data to decide whether the rare 
earth iron material could be co~peti tive with the conventional 
ceramic material. 
Akervold~ Hutchins, Johnson, and Koepke [14] have developed 
a double-ended longitudinal vibrator. Again moderate sound pres-
sures were generated over the 1-15 kHz region. Their study is 
incomplete at present, and they have not compared the rare earth 
device with the performance of the same transducer with identical 
ceramic active elements . 
Butler and Ciosek [15] have developed two rare earth trans-
ducers . The first one was a small low-power longitudinal vibrator. 
They reached essentially the same conclusions as Smith and Logan as 
to the ttansducer's performance. The second transducer was a square 
ring transducer constructed of four rare earth iron rods arranged in 
a square. They found that the four rods in a square conformed to 
the resonance condition for a thin ring. The efficiency of their 
rare earth iron transducers is lower than the ceramic versionts 
efficiency. They attributed this to electrical losses. Butler and 
Ciosek give a lossless equivalent circuit for the longitudinal 
vibrator but show no results from it. 
Objectives 
The objectives of this research report are as follows: 
1. To design and test a rare earth iron underwater sound 
transducer. 
7 
2. To develop an equivalent circuit which predicts the 
performance of the rare earth transducer in the presence 
of eddy currents and demagnetization. 
8 
3. To compare the performance of the rare earth iron 
transducer with the results of the same transducer where the 
rare earth iron rods have been replaced by identically 
di mensioned piezoelectric ceramic rods. 
CHAPTER II 
THE DESIGN AND CONSTRUCTIO l OF A RARE EARTH IRON TRANSDUCER 
This chapter will describe the design and construction of a 
low-frequency, resonant, tonpilz type (longitudinal vibrator·) rare 
earth iron transducer. This design was expected to be less than 
optimum because of the nonlaminated construction. The design objec-
tive \''as to obtain a low-frequency, moderate-power, broad frequency 
range dev1ce. The transducer should also be adaptable for use with 
identically dimensioned piezoelectric ceramic rods for comparison 
of the two active materials. This chapter is organized into three 
sect;ons. 
1) a discussion of the magnetic material properties of the 
ternary alloy Tb. 27oy. 73Fe1_95 , 
2) the preparation of the rare earth iron rods, and 
3) the design of the rare earth iron transducer. 
Discussion of the Magnetic Material Properties of 
Tb.27°Y.73Fe1.95 
The active elements of the present transducer are ternary 
alloy rods of Tb_ 27oy_ 73Fe1. 95 . A short (1.24-cm diameter by 2.3-cm 
long) sample rod was cut from one of the unused active elements and 
placed in a magnetic yoke described by Timme [1] in order to measure 
its 1nagnetic properties. This section will present the results of 
9 
these measurements. 
The importance of the magnetic material properties of a 
magnetostrictive mater ial can be realized by looking at equations 
(1) and (2), which are the equations of state, using tensor nota-
tion, for a thin rod with no lateral stresses (that is, the stress 
is only along the axis of the rod). The symbols in these equations 
are consistent with the ''IEEE Standard on Magnetostrictive 





T3 = s 33 + TB3 (1) 
l-!33 
d33 1 H3 = -rT3+TB3 
ll33 ll33 
Equations (1) and (2) relate the applied stress, T3 , and flux den-
sity 3 to the resulting strain, S3, and magnet ic field, H3, 
through the elastic and magnetic constants. The subscript 3 on H3 
and 83 indicates the direction of the field or flux density and is 
(2) 
the exial direction The stress, T3, and strain, S3, are in general 
second-rank tensors . In the case of a thin rod the stress, T3, is 
the quotient of the force, F3, in the three direction divided by the 
cross-sectional area of the rod. The strain, 53, occurs only in the 
axial direction for the thin rod. 
The dynamic or incremental permeability at constant stress 
(the 11 free" permeabi 1 i ty) is 113T3. The permeabi 1 i ty is in genera 1 a 
second-rank tensor. In the special case of a thin rod only the ele-
ment ll3T3 need be considered. The superscript T in llJ3 indicates 
11 
that this is the permeability at constant stress. The first 3 in the 
subscript of ~3T3 indicates that the coil is \'/rapped along the three 
direction (axial direction). The second subscript indicates that the 
piezomagnetically induced strain, or the applied stress, is in the 
three direction. 
The elastic compliance coefficient at constant flux density 
is s~3 . In general the elastic compliance coefficient is a fourth-
rank tensor but the case of a thin rod simplifies to the single ele-
8 ment s33. The superscript B indicates that this is the compliance 
coefficient measured at constant flux density. The subscripts in 
s3
8
3 indicate that strain and stress, respectively, are in the three 
directi on. The reciprocal of s3
8
3 is the Young•s modulus. 
The magnetostrictive strain constant is d33 . In general the 
agnetostrictive strain constant is represented by a third-rank ten-
sor. The special case of a thin rod simplifies the tensor to the 
single element d33 The subscripts of d33 have the same meaning as 
those of the permeability ~J3. 
Another constant, which has been discussed previously, is the 
coupling coefficien~ k33,which can be determined in terms of the 
above-mentioned constants. The subscripts of k33 have the same 
T T 8 meaning as those of ~ 33 . The relationship between d33, ~33, s33, 
and k33 1s given by equation (3). 
(3) 
The units used throughout this paper are the International 
System of Units (abbreviated "SI") ¥1hich includes the rationalized 
mks unit system. The units of the previously discussed parameters 
are as follows: 
T 3 = stress = newtons per (meter) 2 = N2 m 
s3 = strain = parts per million (numeric) = ppm 
H3 = magnetic fi'eld = amperes per meter= A m 
8 3 = magnetic flux density = tesla = T 
F3 = force = newtons = N 
T 
1133 = 1ncremental permeability at constant stress 
= Henries per meter = ~ 
B s 33 = elastic compliance coefficient at constant 
f1ux density = (meters) 2 per newton = ~ 
d33 = magnetostrictive strain constant 
= meters per ampere = ~ 
k33 = magnetomechanical coupling coefficient= numeric. 
12 
The static and incremental relative permeabilities of ter-
bium dysprosium iron are shown in figure 2. The static permeability 
is reasonably large ranging from 100 at low fields to 10 at high 
fields. The incremental or dynamic permeability is small ranging 
from 9 at lo~/ fields to 2 at high fields. The low incremental per-
meability has both a desirable and an undesirable effect. The 
desirable effect is that a low permeability (as will be shown later) 

















Magnetic Bias Field (kA/m) 
Fig. 2. Relative permeability, ~, versus bias field 
for Tb. 27 oy. 7 3F e1. 95 lJ o 
14 
greater magnetic fringing or leakage flux with a low incremental per-
meability. 
1 
Figure 3 shows ---s B or Young's modulus versus bias field 
33 • 
Terbium dysprosium iron exhibits a very large change of Young's 
modulus with applied field [17] (this is known as the ~~~E effect 11 ). 
The large change in Young's modulus, and hence the sound speed, 
makes terbium dysprosium iron a good candidate for a variable acous-
tlc delay line. The Young's modulus, which is directly proportional 
to the stiffness, of terbium dysprosium iron is about one half that 
of the co only used ceramic PZT-4. The lower stiffness is generally 
considered an advantage but it is offset somewhat by the tendency of 
Young's modu lus to increase with mechanical bias stress [18]. 
The magnetostrictive strain constant d33 is shown in figure 
4. The strain constant rises rapidly with applied field reaching a 
peak at 12 : (150 Oe) and gradually decreasing past this point. 
The strain constant d33 is defined as 
and as such it relates the amount of strain per applied field. 
Shown in figure 5 is the magnetomechanical coupling coef-
ficient versus bias field~ The coupling coefficient rises rapidly 
to a peak at about 20 kA (250 Oe) and slowly decreases. A large 
m 
( 4) 
value of k33 is maintained over a wide range of bias fields; this is 
advantageous since in an application the material is held at a fixed 
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range about the bias. 
Preparation of the Rare Earth Iron Rods 
Five rods _of Tb_ 27oy_ 73Fe1. 95 each 1.24-cm in diameter by 
6.4-cm in length were prepared by Gschneidner [19] at Iowa State 
University by arc melting the proper proportions of the starting 
materials and casting ingots in an argon atmosphere. The five 
resulting rods were x-rayed for cracks or faults by Clark [20]. One 
rod as found to have a void near one end, and another had a crack 
running throug h its length. The remaining three rods were fixed in 
a small cutting j1g and cut to size using a precision saw (Macrotome 
II, etals Research LTD., Cambridge, England) and a diamond impreg-
nated blade. The final cut length was 5.06 em for each rod. 
The ra e earth iron material has a brittle nature, much like 
t he conventional ceramic material. This requires the rods to be 
mechanically bias stressed (i.e., compression prestressed) to prevent 
them from going into tension where they could fracture under high 
dynamic drive. Thus the ends of the rods were required to be very 
nearl)· parallel to prevent shear stresses as the rods were mechani-
cally bias stressed. This as accomplished by the use of a polishing 
apparatus which was designed and described by Timme [21]. The appa-
ratus consisted of an aluminum body supported by three precision, 
carbide-tipped micronteter heads spaced equally on a 5.08-cm radius. 
The rare earth rod to be polished was held in place by nylon screws 
in a mount in the center of the apparatus. Rough polishing was 
19 
accomplished by circular motion on a 120-gt'it silicon carbide paper. 
The grit of the paper was successively decreased until a final 
polish was obtained by a 600-grit diamond impregnated lap. The par-
allelism of the two surfaces was checked by use of a precision auto-
collimator (Nikon odel 60). The Nikon autocollimator is well suited 
for measuring small-diameter, poor light reflectors because it 
utilizes dark field illumination. Once the angle of nonparallelism 
1as dete mined 
justed so that 
e micrometers on the polishing apparatus were ad-
e rod would be polished at a new angle. All three 
rods ere polished w1th their ends plane and parallel to within 6 
inutes of arc and to within the same length to ± .01 mm. 
Design of the Rare Earth Iron Transducer 
T is section ill desc ibe in detail each of the parts which 
ake up the rare ea t iron transducer. This transducer is construc-
ted of three basic parts~ 
1. the front mass, 
2. the active elements (rare earth iron rods), and 
3. the back mass. 
The front mass is the vibrating mass which produces the sound pres-
sure. The active elements (rare earth iron rods) produce the strain 
which drives the front mass. The back mass is made much more massive 
than the front mass thus assuring that the majority of the displace-
ment appears at the front mass. 
























































































































































































































































square rod running along the center axis is 21.6-cm long and is con-
structed of Armco magnetic iron. This center rod serves two pur-
poses. The first is to provide a mechanical bias stress. Located 
-
at the top of the rod is a 1.27-cm (~-in.) stainless-steel nut which 
compresses a large washer (not shown) over two disk springs. The 
disk springs provide compression and at the same time make the stress 
rod much more comp liant than the rare earth iron rods. Below the 
disk springs are t·Jo 11 0-rings 11 \'Jhich seal the rod. \~rapped around 
·he ad along its length are 13 layers of epoxy impregnated number 
2 A G high-te perature copper \llire yielding a turn density of 200 
turns per centi meter of longitudinal length. Thus the second pur-
pose of the center ro is to provide a bias magnetic field to the 
rare earth iron rods. The magnetic flux produced by the solenoid 
travel along the center rod through the front mass down through the 
ra}e earth rods and returns through the backmass. The center rod is 
threaded ith a 1.59-cm (5/8-in.) diameter thread which secures the 
rod into the bac mass. The 5-cm diameter hole into which the rod is 
placed in the backmass is filled with lead shot and epoxy resin to 
da p spurious resonances. 
Spaced at 120° intervals on a 9.2-cm diameter circle sur-
rounding the center rod are the rare earth iron rods and the coils 
which supply the alternating magnetic field. These coils are also 
constructed of 13 layers of epoxy impregnated number 24 AWG high-
temperature copper wire. They are each 3.1-cm in diameter by 5.3-
cm long with 1180 turns of wire yielding a turn density of 225 turns 
22 
per centimeter of length. Between the inside diameter of the coil 
and the rare earth iron rod is a 1.6-mm space left for the flow of 
cooling fluid. The coils, as well as the rare earth iron rods, are 
each epoxi d to a small removable stand located in the backmass. The 
epoxy cement hich attaches the small stand and the rare earth iron 
rods was allowed to set while the rods were under a small mechanical 
bias stress so that any slack in the system \'/Ould be taken up by the 
epoxy. The rare earth iron rods are not epoxied to the front mass 
ut a e held in place only by the compression exerted by the disk 
springs. The coils \rapped about the rare earth iron rods are used 
to supply an add1tional bias magnetic field as well as the alternat-
ing field. Sho tn in figure 7 is the bias flux density, B8, versus 
current generated by the center rod and by the coil about one of the 
rare ea th iron rods. The flux density was easured by using an in-
tegrating flux meter ( agnemetrics odel F-1) to measure the flux 
through a small sense coil wrapped about one of the rare earth iron 
rods. Notice that only about .3 tesla can be obtained on each of the 
rods ~ith the center coil. This is due to a saturation of the mag-
netic path at the front of the center rod where it decreases in dia-
meter so that it will pass through the hole in the front mass. The 
remainder of the required bias field is supplied by the coils wrapped 
about the rare earth iron rods. This transducer was tested at two 
bias flux densities, .4 and .6 tesla. 























COIL WRAPPED ABOUT 
RARE EARTH I RON ROO 
CENTER ROD COIL 
.5 1.0 1.5 2.0 
I (Amperes) 
Fig. 7. Flux density versus current 
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2.5 
rare e rth iron rods. The expression for the field produced by a 
s ort fat (many layers of wire) coil is given by Bozarth [22] as 
H (x) 
0 
l + x a + s2 
2 (a - b) loge b + + 51 
- x a + r2 
2 (a - b) loge b + r
1 




(x) is the field produced in amperes at point x, meter 
is the n ber of turns of wire, 
x is the distance from the middle of the coil in meters to a 
point on the longitudinal axis of the coil, 
2 is the length of the solenoid in meters, 
a is the radius of the outer windings in meters, and 
b 1s the radius of the inner windings in meters. 







In order to simplify the expression for the field, choose the field 
at the center of the coil on axis, that is, let x = 0. Then r
1 
= 
s1 and r 2 = s2, and 
25 
_ NI l a + 5 2 




hen the rare earth iron rod is introduced into the coil, the 
field H
0 
1s reduced by the poles induced on the ends of the magnetic 
rare earth iron rod. This demagnet1zing effect can be accounted for 
y reducing H
0 
by .- v1here -- is a demagnetization factor and M = 
(B - ~0H)/ 0 1s the agnetization of the rod. Therefore, 
or by substituting fo and manipulating 
(12) 
·11he e 5--1 signifies the demagnetizing factor in the SI unit system . 
.-
Values of E uf4 . (cgs electromagnetic units) are given by Bozarth 
[22] versus length-to-diameter ratio for several permeabilities. It 
can be shoYn that 
E U 
--=--- = 47T 
(13) 
thus the values given by Bozarth are the ones which appear in equa-
tion (12). The values of the demagnetizing factor given by Bozarth 
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are for a rod with no low reluctance flur return path. It is be-
lieved that this is the case here since above .3 tesla the flux re-
turn path is saturated by the center coil flux leaving no low reluc-
tance return path. The expression for the field in the presence of 
demagnetization becomes 
( 0 ) - I l [a + s 2] 
- 2l a - b toge b + s
1 
2 w ere 2i = 5.25 x 10 m, 
= 1179 turns, 
-2 a = 1.553 x 10 m, 
-2 b - .732 x 10 m, 
s
1 
~ 2.725 x lo-2 m, and 
-2 s2 = 3.05 x 10 m. 
1 
1 + N ~ [.L -1) SI 11
0 
(14) 
Substituting these values into equation (14) yields equation (15) for 
the direct current bias magnetic field, H8(0) 
2.058 X 104 I (15) 
STATIC 
where l-lSTATIC = l-1 indicates the relative static permeability. 
r JJ 0 
The static permeability shown in figure 2 can be fit to the curve 
STATIC = 2.168 104 H -.676 4 kA < H < 160 ~A 
l-i l"' · x 8 ' m - B - m 
(16) 
where H8 is the magnetic bias f1eld (the abcissa) of figure 2. 
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""' Substituting equation (16) in equation (15) and using N
51 
= ~ 048 and 
H8 ~ H8(0) results in equations (17) and (18) after suitable 
manipulation. 
H8(0) + 1093 H8(o)· 324 
I = 2.162 X 104 (17) 
These exp essi ons are plotted ·n figure 8. Also shown is the 
measured fl ux de s ity taken from figure 7. The conclusion is that 
equa t1 on (1 4) gi es a good approxi ation to the actual field produced 
i n t he od by the coil surrounding it. 
The c ircular mass at the fro nt of the transducer is the 
act ive or v1b at ing mass. It is also referred to as the front mass 
and i s cons truc ted of Armco magnetic iron. Its mass is 1.896 kg and 
i i s 2 em thi ck and 12.7-cm in dia eter. The size of the front mass 
was det rmined by t he desire for a low resonance frequency with a 
reasonab le sound pressure output. The front mass is sealed by two 
11 0-rings" running along its outer circumference and two "0-rings" 
around the center rod. 
The backmass of this transducer has been made approximately 
ten ti mes the mass of the front piston. This has been done to insure 
that the majority of the radiation comes from the front mass. The 
backmass is also constructed of Armco magnetic iron. The electrical 
feed-t hroughs a e in the backmass and consist of 3 holes drilled 
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Fig. 8. M gnetic field and flux density versus current 
of the device. The backrnas s is a 1 so sea 1 ed with tv1o ''0-ri ng s" 
running about its circumference. 
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The case which fits over the entire transducer is constructed 
of anodized aluminum. It is 15.2-cm in diameter and 33-cm long. Not 
sho\n in figure 6 is a submersible pump and radiator assembly which 
provides forced cooling of the rods and coils. The pump and radiator 
fit on the outside of the case and supply a low viscosity transducer 
fluid (polyalkylene glycol) through two holes in the case. This 
limited the te perature rise of the solenoids surrounding the rare 
earth iron rods to 25°C at an input power of 140 watts. 
The required bias stress was placed on the rare earth iron 
rods by a ald i Universa l Testing achine. This was accomplished 
by pl~cing a 4.3-cm diameter .64-cm thick, stainless-steel washer 
between the dis· springs on the center rod and the nut which secures 
them . A large plate (21.6-cm diameter by 1.3-cm thick) with a cen-
ter d hole to allow the center rod nut to pass through was then 
placed upon the asher. The Universal Testing Machine then exerted 
a stress upon the plate \hich was transferred via the disk springs to 
the rare earth iron rods. Once the required stress was obtained the 
nut was tightened down to hold the springs in compression. This 
system orked very well exerting a stress of up to 18.5 MPa (2700 
lb./in. 2) on each of the rods without any problems. The stress used 
when testing the transducer was 12.4 MPa (1800 lb./in. 2). The mass 
of the comp letely assembled transducer was approximately 30 kg. 
CHAPTER III 
THEORY - THE EQUIVALENT CIRCUIT OF A MAGNETOSTRICTIVE TRANSDUCER 
IN THE PRESENCE OF EDDY CURRENTS 
The objective of this chapter is to derive the equivalent 
circuit of the transducer described in Chapter II and use the equiv-
alent circuit to predi ct the performance of a laminated transducer. 
T is c apter v1ill e organized into four parts: the derivation of the 
blocked or electrical impedance will be presented first; next will be 
the motional or mechani cal impedance of the transducer; then the 
acoustical impedance; and finally a discussion of the complete 
equiv lent c1rcuit. 
Eddy Currents in a Rod 
hen an alternating current is applied to a solenoid, a cir-
cumferential electric field is generated by the time changing flux. 
If a conducting rod 1s placed in the solenoid the electric field 
generates circumferential currents in the rod. These currents are in 
a direction so as to generate a magnetic field which opposes the 
applied magnetic field. These circulating currents are known as 
eddy currents. In a rod the magnitude of the eddy currents increases 
in direc t proportion to the radial distance from the center of the 
rod. Thus near the center of the rod the opposing magnetic field 
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generat d by the eddy currents is the largest, since all the eddy 
currents encircle this axis. This effectively shields the center of 
t he rod f rom the applied magnetic field leading to the well known 
skin ef fe ct . Since the rod in the solenoid has a finite resistivity 
t he eddy currents also generate an ohmic loss. In this section the 
el ectrical or blocked impedance of a rod in the presence of eddy 
curren s ill be derived for various frequency ranges. 
The pe e rati on of fl ux into a solid conducting wire or rod 
s gov rned b e differential equa tion given by Bozarth [22]: 
1 a ( aH) lJ aH r "r r ar = p at 
·hose solution consideri ng ~ag i tude only, to a sinusoidally 
penetrating f iel d i s 
H(r t) = s s i n(wt) 
ber2 (~) + bei 2 (~) 
ber2e + bei 2a 
(19) 
(20) 
whe e is t he radi al distance from the cylinder axis to the point 
in ques ti on, 
d i s t he diameter of the rod, and 
Hs sin( wt) is t he magnetic field intensity at the surface of 
the rod. 
The parame t er a is given by 
a = 1Td k~t (21) 
where lJ , p , and fare the rod's incremental permeability, 
resistivity, and frequency, respectively, in SI units. In the 
solution of equation (19) it is assumed that the permeability is 
constant, independent of field strength. Figure 2 on page 13 shows 
that this is a good assumption for terbium dysprosium iron (note 
that the abcissa of figure 2 is a logarithmic axis). The ber and 
bei functions in equation (20) are combinations of Bessel functions 
of the first and second kinds and have been tabulated [23] . . 
Define a characteristic frequency, fc, by setting e = 1. 
Solving for fc y·elds 
32 
f =-· 2_ 
c 7rd 2 (22) 
I orde to examine the physical significance of fc solve equation 
(20) for H(~.t) (i.e., let r = 0, which is the center of the rod) 
s 
hens= 1 h1ch corresponds to f = fc. This yields H(~,t) = .97. 
s . 
Th s the agnetic field at the center of the rod is 97% of 1ts value 
at the surface. Therefore fc corresponds to the frequency, for a 
given diameter, permeability, and resistivity, below which the 
penetration of flux 1nto the rod is essentially uniform. 
A magnetostrictive material has two identifiable incremental 
permeabilities, the free and the clamped permeabilities. The free 
permeability (designated by ll 3T3 ) is the permeability \'lhich would be 
measured when the magnetostrictive rod is held under a constant (or 
zero) stress, hence the term ''free permeability". The clamped perme-
ability is designated by lli3 and is the permeability which would be 
measured when the magnetostrictive rod is held at a constant strain, 
thus the term 'clamped permeab ility 11 • The clamped permeability is 
the permeability ~Jhich determines the electrical inductance. It is 
also known as the "blocked permeability". The free and the clamped 
pe meabilities are related ia the coupling coefficient; the 
relationship is 
33 
lJ l3 = \ll3 ( 1 - k 3 23 J . (23) 
In order to determine which permeability appears in the ex-
pression for t e characteristic frequency (equation 22) consider the 
follo1ing argum nt. Imagine a magnetic field penetrating a magneto-
strictive rod. In practice it is virtually impossible to clamp the 
otion of the rod dS it is excited by the magnetic field. Thus the 
magnetic field sees the free or total permeability. That is, the 
magnet ic field sees the measured permeability, hich is in fact the 
free i crementa 1 permeabi 1 i ty lJ 3T3 • Thus for a magnetostri ctive 
mat rial equation (22) contains lJJ3 rather than lJ· Because of the 
argu ents presented above, it ould appear that the use of the 
clamped permeab1lity by other authors [24], [25] is in error. In 
the case of conventional magnetostrictive materials like nickel the 
error in f is quite small since the clamped and free permeabilities c 
differ by only about 7% because the coupling coefficient is small. 
The difference is quite large with the rare earth iron materials 
( ~36% ) since k33 ~ 0.6. 
Eddy current losses can be accounted for by multiplying 
the permeability by a complex eddy-current factor x~ The eddy-
34 
current f ctor d pend upon geometry a ;ell a· the ratio of fre-




1s t e blocked or purely elec rical 1nduc ance , 
~ 
x0 = [ x~ + x ¥) 2 , and 
~ = tan-1[: J 
Eq• ation (2 ) ca be e 1ri tte n r of i a a .ag1 ary 
parts sho\·ln . n eq tio (25) an (26) as s 
zc = J Lo (xR JX ) 




·he e x and are the eal s . e e -c rre 
actor for a rod ~hich are gi e ZO · 22 a e 




1 [fl 2 rfJ~ rf)!z ~~J er~ c)+ eifcM bei~~fcJ 
(28) 
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The p e rme a b i 1 i ty , ll ... , i n eq u at 1 on ( 2 7 ) i s the "apparent perm e a b i 1 i t y 11 • 
That is, it is the permeability which the magnetic field sees in the 
presence of eddy currents. The permeability, ll, in equation (27) is 
the limiting value of ll ... , approached at low frequencies. The ~R in 
equation (28) is the difference between the measured alternating cur-
rent resistive component of the impedance, R, and the direct current 
resistance, R
0
. The difference 6R is caused by eddy currents. The 
inductance, L, in equation (28) is the limiting value of the 
easured i nduc a ce, approached at 1 ov1 frequencies. Figure 9 shows 
plots of x , 'o' and ~. The use of equation (27) and figure 9 
sho s th t the ll apparent permeability 11 , ll ... , is a decreasing function 
of frequency 
In equa ion (26) it is seen that in the presence of eddy 
cu rents t e core impedance ta es on a resistive component which is 
proportional to x1. The physical significance of the resist1ve com-
ponent is th t it rep esents the energy dissipating mechanism of the 
eddy currents. It is also seen that the core inductance becomes pro-
portional to xR. This causes the core inductance to decrease with 
f equency. The total electrical or blocked impedance consists of 
the core impedance and the leakage impedance. The core impedance 
results from flux which passes through the rods and is affected by 
eddy currents. The leakage impedance consists of the copper resis-
tance and the flux which passes through the air (the leakage induc-
tance). The equivalent circuit of electrical impedance in the 
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Fig. 9. Eddy cu rent campo e ts for 
L leak 
Fig. 10. General equivalent circuit of a rod in the 
presence of eddy currents 
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Unfortunately the equivalent circuit of figure 10 is not strictly 
applicable to the present transducer. This is because the present 
transducer has ddy current losses in the unlaminated front and back 
asses ~.h.ch are difficul t to account for theoretically. The way in 
hich t e bloc ed i pedance ~as determined was to experimentally 
easure the total reactance and resistance at 0.4 tesla. Then from 
those cur es t e blocked impedance could be approximately deter-
ine b d a 1ng straight line from a point far above resonance 
( here he motional impedance is small) to one far below resonance. 
Th is techn1que is described in detail in reference [24]. The 
resulting curves are shown in figures 11 and 12. 
The general equivalent circuit shown in figure 10 is incon-
venient because both Rc and Lc depend upon frequency. In order to 
derive a lumped (where none of the components vary with freque C'' 
equivalent circuit consider the expressions given by Bozarth 2 
for x
1 
and xR for 6<<1 shown below. 
e4 19 e8 
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e2 11 e6 473 a1 o 
XI = 8- 3,072 + 4,343,680 + ••• (30) 
Ta. e the first term of xR and x1 and substitute into equation (26). 
By noting that e = (~)~ the result is obtained that 
The equivalent circuit is sho n i figure 13. 
11L f 2 
0 
4f c 
L = L . cs 0 
Fig. 3. Series equivale circuit of a od · t he 
presence of eddy cu ents for f < fc 
This ci cuit is still some~hat i con en·e s1 ce e se es co e 
(31) 
(32) 
resistance Res depends upon frequency sq a ed f e abo e circuit 
is converted to its equivalent paralle c rc ·t~ the aral el core 
resistance and inductance Rep and Lcp respec e , are g1ven by 
equat1ons (33) and (34) bela~ 





Wh en f < fc the term can be neglected with an error of less 
64f 2 c 
than 2%. Thus the lumped equivalent circuit shown in figure 14 is 
obtained. Similar equivalent circuits have been obtained by other 
authors for a thin flat sheet [24] and a 1 .. ing armature [26].. The 
case of a thin flat sheet yields 6nfclo for the resistance where 
41 
f = c (35) 
and t is the thickness of the flat sheet and SI units are used. 
Fig. 14 Parallel equivalent circuit of a rod in the 
- 2p es nee of ddy currents for f < fc. ·lhe·re fc for a rod - T . 
nd2~3 3 
The complex 1mpedance of the equivalent circuit shown in 
figure 1 is given by equation (36) Let the real and imaginary 
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The exact expressions for R /(w L ) and X /(w L ) are given by the c c 0 c c 0 
real and imaginary portions of equation (26) respectively normalized 
to wclo and sho~ n in equations (39) and ( 40). 








Figu e 15 is a comparison of the loci of points predicted by 
u tions (37) and (38) (the equivalent circuit of figure 14) and 
those predicted by equations (39) and (40) (the exact equivalent cir-
cuit). The loci of the 1mpedance of the lumped equivalent circuit 
describes an arc of a circle which agrees with1n 1% with the exact 
equivalent circuit up to f = fc. Above f = fc deviations begin 
{particula ly in the resistance) but agreement is still fair at 
th ee times fc and usable up to f = 4fc. If the loci of the im 
ance of lossless inductor were plotted on figure 15 it 1 
pear as a straight line located on the ordinate with the f 
scale increasing upward. 
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of figure 14 can be obtained through use of Faraday•s la\r. Con-
sider figure 16 which shows a conducting rod in the presence of an 
alternating magnetic flux. ake the assumption that the flux den-
sity is increasing and uniform across the cross-sectional area of the 
rod. This assumption means that the rod is very long and that the 
frequency is below the characteristic frequency. Faraday's law 
rel tes the ti . e changing magnetic flux to the electric field 
produced for a fixed region in space. 
d 
Path of integration 
Fig. 16. Eddy currents in a conducting rod The current 
i(t) 1s inc e sing with time. 




lo perform the line integral of the electric field about the circu-
lar path a distance r from the axis. The electric field magnitude 
is constant and tangential around this path due to the circular sym-
metry. The angle between I and ds is zero degrees. The flux dens-
ity, B, is a 1 so uniform across the rod and the angle bet'l/een B and 
dA is zero degrees. Consider1ng magnitude only 




dB = "r2 -dt (44) 
~1hich implies that 
(45) 
The circum erenti 1 surface current density at a radius r is given by 
E r dB 
J = p = 2P dt . 
The total 1nstantaneous power lost is given by 
p(t) = ~ p J 2 dv 
v 
d 
= J 2J 2Jp 4r: (~~r r dr de dz 
z=O a=O r=O P · 
which yields 
= 'Tfd 2.e. £ [dB) 2 p(t) 4 32p dt 





Ald 2 p ( t) = 32p (
dB] 2 
dt . 
The voltage induced ·n the coil is given by 
dB 
e(t) = NA dt· 
olvlng equation (51) for (~~r yields 
Substituting equation (52) into equation (50) yields 
p(t) = d2e 2 (t) l = e2(t) 
32p 2A R 
\hich i .plies that 











l61rf L derived previously. Since a long rod was initially assumed c 0 
with no mention of tagnetostriction, L
0 
is given by 
_ N2All 
Lo - l.. • 
Equation (55) and the expression for fc (equation 22) yield f , 
resista ce equation (56). 
Thus both derivations yield the same result for a very long non-
magnetostrictlve rod. The derivation using Faraday's law is some-
47 
what less satisfying than the first derivation since it does not in-
dicate whether the resistance is a series or a parallel element. 
Consider what happens when a long magnetostrictive rod is 
introduced into a solenoid. Here L
0 
is given by equations (57) and 
(58 ). 




The cl mped per eability, ll 3
5
3 , is used above since the purely elec-
t rical or blocked inductance is required. The resistance, 16wfcL
0
, 
fo a long magnetost i ctive rod becomes 
2 
32p 2A (1 - k33 ) 
(59) 
The equivalent circui t of a long magnetostrictive rod for f < fc is 
sho n in figure 17 Since L
0 
is the blocked or purely electrical in-
ductance, R is by analogy the blocked or purely electrical resistance 
of the magnetostrictive rod. The equivalent circuit of a nonmag et -
strictive rod can be obtained by substituting equations (55) and ( 
for L
0 
and R respectively in f1gure 17. The same circuit ca 
obtained from figure 17 by letting the magnetomechanical co 
to zero and replacing ll}3 by lJ.. 
R = 
32pN 2A ( 1 - k323) 
d2.t 
Fig. 17. Equivalent circuit of a long magnetostrictive rod 
for f < fc 
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Consider the power loss due to eddy currents in two rods iden-
tical in eve y respect (i e., identical geometry, permeability, and 
resistivity) except that one rod is magnetostrictive and the other 
is not. Assume that the same amount of current is passed through 
the equivalent circuit representing the electrical impedance of each 
rod. Figure 17 and equat1ons (55) and (56) show that the current in 
the resistive branch is the same regardless of magnetostriction. 
the resistance in the magnetostrictive case is lower by a factor 
2 
1 - k33 • Thus the power loss due to eddy currents is lower, 1 
2 
magnetostrictive material, by the factor 1 - k33 • This sh s 
additional benefit to the large coupling coefficient of te , 
dysprosium iron. 
In the actual analysis of the transducer's performance, two 
equivalent c1rcuits for the blocked impedance were used. The first 
49 
v1as for the unlaminated transducer and was a series combination of a 
-
resistance and inductance. The values for the resistance and indue-
tance were taken from figures 11 and 12. The second representation 
of the blocked impedance was generated to predict the performance of 
a laminated transducer. In the laminated version it was assumed that 
the cross section of each of the three rods Has cut into quarters. 
The rods were then cemented together with each quarter being insu-
lated f om its eighbor. The equi alent circuit for the blocked 
impedance of three rods in series is shown in figure 18. Three 
quantities, L
0
, fc, and Llea , need to be determined for a quartered 
rod. The characteristic frequency of a quartered rod can be deter-
ined by considering ach qu rter to be a rod with one half the dia-
met r of the o iginal rod. This comes about since each section of 
the rod has one quarter the area yielding an equivalent diameter of 
one half the original diameter of the solid rod. 
Fig. 18. Equivalent circuit of the electr1cal impe 
three rods in series for f < f c 
In equation (22) it is seen that the characteristic fre-
quency increases by a factor of four when the diameter is cut in 
half. This means that in the quartered rod the flux density stays 
-
uniform up to a frequency four times higher than in the solid rod. 
The characteristic frequency (equation 22) is calculated in table 2 
for the laminated and unlaminated configurations and t\ro bias flux 
densities. The resistivity of terbium dysprosium iron is 60 x 10-8 
ohm meter at room temperature The diameter of the original rods 
-2 ' as 1. 24 x 10 m. 
TABLE 2 
CH RACTERISTIC FREQUE CIES FOR SOLID AND QUARTERED 
RE EARTH IRON RODS 
Relative 
Conf i gura tion Bias Flux Density (Field) Incremental 
Permeability 
Solid 0.4 t sla (4.3 ~) 7.5 
Solid 0.6 tesla (14.3 ~) 5.4 
Quartered 0.4 tesla ( 4 3 rA) . m 7.5 







The characteristic frequency (assum1ng p = 8 x 10-8 ohm-meter and 
relative incremental permeability = 30) of a nickel rod of the same 
size is about 9 Hz. This points out that eddy current losses a e 
inherently lower in the rare earth iron material due to 1ts 1 ~e 
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p~r eability and higher resistivity. 
The blocked inductance L
0 
can be obtained via the relation-
ship 
L = d (N~ ) 
0 d ,{.rms 
(60) 
here ~ is the flux in webers and lrms is the root mean square value 
of the sinusoidally varying current. 
lso, 
\/here the magnetic f1eld H is taken from equatio (10) using the 
values for 2l , , a, b, s1, s2 given on page 26. 
Thus 
he nce 




The leakage inductance can be obtained by calculating the inductanc 
of the air gap between the rare earth iron rod and the inner d. -
meter of the coil about the rod. The use of equations (10} 




Lleak = 2.058 x 10 ~ 0 Aair 3N (64) 
= .0043 H. 
The symbo 1 ~ .0 is the permeabi 1 i ty of free space and A . is the area a1r 
of the air gap which equaled 4.64 x 10-3 m2. A summary of the values 
required by the equivalent circuit in figure 18 is shown in table 3. 
TABLE 3 
VALUES RE QU IRED BY EQUIVALENT CIRCUIT OF FIGURE 18 
Component 





.0186 H at 0. 4 T 
990 ohms at 0.4 T (quartered rod) 
An equivalent circuit for a rod which is being operated far 
cbove its characteristic frequency (i.e., B>>l) can be derived from 
equation (26) and the l1miting forms of equations (27) and (28). 
This circuit is shown in figure 19. Notice that both the resistance 
and reactance are proportional to w 2 • 
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Fig. 19. Equivalent circuit of a rod wheQf >> f . The 
angular characteristic frequency is w = (4p)fd2u~. c c 
In this chapter three equivalent circuits of a magnetostric-
tlve rod in the presence of eddy currents have been derived. The 
first c·rcuit as sho n in figure 10 and is a general equivalent 
ci cuit for all frequency ranges. The next equivalent circuit was 
giv n in figure 14. The circuit of figure 14 yields almost exact 
a reement 11th t e general equivalent circuit up to f = fc and 
usable results up to f = 4f . The third equivalent circuit was c 
presented in figure 19 and is valid when f >> f . c 
The lechanical ( otional) Impedance of the 
agnetostrictive Transduce 
This section will present the mechanical impedance of both 
the magnetostrictive rods and the remainder of the transducer. The 
equivalent circuit of a magnetostrictive transducer can be rep esen-
ted in three ways. 
1) the mobility analogy, 
2) by shifting force and velocity by 90°, or 
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3) F. V. Hunt's space operator. 
In the mobility analogy force is analogous to current and velocity is 
analogous to voltage. The core impedance in the mobility analogy 
appears in series with the electromechanical transformer. In . the 
latter two representations, the core impedance appears in parallel 
with the electromechanical transformers. F. V. Hunt [27] gives an 
enl1ghtening discussion of all three representations. The mobility 
analogy is chosen for the present analysis because it is the most 
·1idely accepted and simplest to use. 
T e equivalent circuit of a lossless magnetostrictive rod 
1n t mobility analogy is given by Katz [28] and is shown 1n figure 
20. Th1s circuit 1ill be modified to account for the effects of eddy 
currents a d demagnetiza ion. F1 and F2 are the forces on the two 
r spec ive ends of the rod. v1 and v2 are the velocities of these 
two ends. 
Fl z2 F2 .. ... 
' ~ ..{. zl zl 
Fig. 20. Equivalent circuit of a magnetostr1ctive 






ZE is the purely electrical or blocked impedance of the rod in the 
presence of eddy currents and was discussed in detail in the pre-
vious section. A sinusoidal current and voltage, i and e respect-
ively, are applied to the coil surrounding the rod. The turns ratio, 
of the electromechanical transformer relates the electrical units 
on the one side of the transformer to the mechanical units on the 
other side. The units of • are ne~tons per ampere z1 and z2 are 
oti on a 1 impedance terms \'hi ch are given by Katz [28] and shovtn in 




z = jsin{ ) 
2 zo 
here z0 = A[t,] 2 
a = (I) (ps 383 r 
' 
= length of rod, 
A = cross-sectional area of the a 
p = density of t e rod. 
Equations (65) and (66) can e approx·uated 






~vh~re m is the static mass of the rod and Cis its compliance. 
Equ tions (67) and (68) were arrived at by using the small angle 
a proximations that tanx = x and sinx = x. At the resonance fre-
quency of the transducer (2500 Hz) the approximation to the tangent 
te m leads to an error of only 1%. The approximation to the sine 
ter yields an error of 2%. Even at 5 kHz the approximations to the 
tangent and sine terms lead to errors of only 4 and 7.5%, respec-
tively. 
The equi alent circuit shown in figure 20 can be simplified 
t o the present case by realizing that one end of the rod is clamped 
(i .e., velocity = 0) by the large backmass of the transducer. The 
re ult of the vela ity of one end of the rod being zero is that one 
of t he output t erminals of figure 20 is short-circuited. This 
esults in the impedance z2 becoming parallel to z1. The result of 
hes p roximations and simplifications is shown in figure 21 for 
three rods mechanically in parallel. The ZE shown in figure 21 is 
th electrical impedance of the three rods in the presence of eddy 
currents. 
The derivation of the electromechanical turns ratio e 
with th magnetostrictive equation of state given in equat1o 
The factor of three multiplying ~ in figure 21 results fro 
that three rods produce three times the force for the same L LI II \...J U .• 
current. If s3 is set equal to zero in equation (1)~ e 
is obtained. 
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F = Force 
+ 
f 
c V = Veloc. m m m 
2 2 2 
Fig 21. Simplified equivalent circuit of three magneto-




The flux density in the clamped(S3 = 0) rod is given by equation 
( 70). 
- s H 3 - ll33 X · 3· 
The eff ct of t e eddy curre ts is accounted for by assuming a 
camp 1 ex permeability as in equation (24). That is, ll 3s3 is multi-
plied by the complex eddy current factor. If the result of equa-
tion (70) is substituted into equation (69), equation (71) is 
obtained. 
The force, F3, is given by equation (72) and equation {73) \here 






d 3 3 lJ 3s3 X H 3 A 
T B 
lJ33 S33 
The expression for the magnetic field, H3, is taken from equation 
(14) page 26 and shown in equation (74). 
H
3
(0) = __ 2_.0_58_,.....x-=T1_0_4 _;_ _ ] 
, lJ33 




In the expression for H3(o) above, the relative incremental perme-
ability 3T3/ IJ0 is used s i nee the dynamic fie 1 d 1 s of concern here. 
he real part of the eddy current factor, xR' is multiplied by the 
relative permeabil1ty 1n equation {74) to yield the "apparent perme-
a ility'' as indicated by equation (27), page 34. Again, as in the 
;· - field case, complete e . . agnetization is assumed since no low 
reluctance path for the alternating flux is provided. The demagne-
tizing factor for a rod, taken from Bozarth [22], versus relative 
permeability for a fixed length-to-diameter ratio is shown in figure 
22. E uations (73) and (74) can be combined to yield the expression 
for the force shown in equation (75) (considering magnitude on 
2.058 X 104 )_ 
Equation (75) can be rewritten using the relations 
J.13
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LENGTH TO DIAMETER RATIO = M = 4.07 
.025 
.020 
I I I I I I 
2 3 4 5 6 7 8 9 
Permeability fLifLo 
Fig~ 22. Demagnetizing f ctor versus r 1 ti 
for a fixed length-to-diameter ra io 
59 
60 
Therefore, the turns ratio $ is given by equation (76). 
$ = F: = d33 (1 - k}3) A x0e-j~ 
..L B 
2.058 X 104 (76) 
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The values for d33 , k33' and 
B s33 were taken from figures 3, 
4, and 5. The magnitude of d33 , k33 and s ~3 have been corrected for 
th 12.4- Pa echanical bias stress [18]. The 12.4-MPa bias stress 
causes l/s~3 to 1ncrease by 55%, d33 to decrease by 8%, and k33 to 
increase by 11.5 . The values used are shown in table 4 for two bias 
flux d nsities. 
TABLE 4 
VALUES OF d33, ' 33 A1 D l/s~3 CORRECTED FOR 12.4 MPa BIAS STRESS 
Flux Density (Field) 
0.4 T (4.3 ~) -9 m 10 6.13 X 10 A .569 7.88 X 10 :2 
0.6 T (14.3 ~) 7.49 X 10_g ~ .666 8.45 X 10lQ--
If the values in table 4 are substituted int 
equations (77) and (78) result for 0.4 tesla and 0.6 t 
tively. 
809 x e-jz; 
0 
= ------~---------T 
~ 113 3 
1 + NSI -11- XR - 1 
- 0 
The a ea of the rare earth iron rod used in equation (76) is 1.20 




agnitu e and phase of the eddy current factor. By reference to 
figur 9, page 36, it is seen that x
0 
and therefore the force pro-
duced by the magnetostrictive rods are decreasing functions of fre-
quency. In tables 5 and 6 are found 3 ~ and the quantities which are 




ELECTROt~ECHANICAL TURNS RATIO 3cp IN NEWTONS PER AMPERE AT 
0. 4 T ( 4. 3 ~A) FOR DISCRETE FREQUE CY POINTS 
f 
T 
],.133 "" Frequency fc X a r; XR ll XR NSI 3cp ~3cp 0 
500 Hz 1.89 950 12.7° .. 923 6.9 .0392 1872 12.7° 
800 3.03 .899 19 .. 2 .845 6.3 .0383 1813 19.2 
1100 4.17 838 24.5 .760 5.7 .0375 1728 24.5 
1400 5.30 .777 28.6 .677 5.1 .0368 1638 28.6 
1700 6.44 . 708 31.5 .602 4.5 .0358 1526 31.5 
2000 7.58 .661 33.9 .551 4 .. 1 .0355 1444 33.9 
2300 8.71 .622 35.4 .510 3.8 .0350 1374 35.4 
2 00 9.85 .590 36.5 .473 3.6 .0346 1313 36.5 
I 
2650 10 0 .586 36.6 468 3.5 .0345 1309 36.6 
2900 10.98 .560 37.3 .441 3.3 .0343 1259 37.3 
3200 12 12 536 37 9 .417 3.1 .0341 1213 37.9 
3500 13. 6 .510 38.4 385 2.9 .0338 1163 38.4 
3800 14.39 .489 38.8 .376 2.8 .0337 1118 38.8 
4000 15 15 .478 39.0 .. 365 2.7 .0336 1097 39.0 
4500 17.05 .449 39.4 .343 2.6 .0334 1034 39.4 
5000 18.94 427 39.8 .329 2.5 .0332 987 39.8 
6000 22.73 .393 40.2 .299 2.2 .0329 917 40.2 
7000 26.52 362 40.7 .277 2.1 .0327 848 40.7 
8000 30.30 .341 41.0 .260 2.0 .0326 801 41.0 
10,000 37.88 .304 41.4 .229 1.7 .. 0323 721 41.4 
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TABLE 6 
ELECTRO lECHA !CAL TUR RATIO 3q, IN NE~,ITONS PER ANPERE AT 
0.6 T (14.3 ~) FOR DISCRETE FREQUENCY POINTS 
. 
f T 1133 "' Frequency fc Xo z; XR ~XR NSI 3<P ~3<P 
500 Hz 1.36 . 975 9.4° .957 5.2 .0368 2212 9.4° 
800 2 18 940 14.7 .903 4.9 .0364 2156 14.7 
1100 3.00 900 19.0 .850 4.6 .0360 2087 19.0 
1400 3.81 .858 23.0 .787 4.3 .0355 2011 23.0 
1700 4.63 .8 2 26.4 .722 3.9 .0352 1930 26.4 
2000 5. 5 .772 29.0 .665 3.6 .0348 1854 29.0 
2300 6.27 .725 31.3 .615 3.3 .0345 1759 31.3 
2550 6.95 .690 32.8 .577 3.1 .0341 1686 32.8 
2650 7.22 .680 33.2 .569 3.1 .0341 1662 33.2 
2684 7 .. 31 .676 33.4 .563 3.0 .0339 1658 33.4 
2800 7.63 .660 34.0 .550 3.0 .0339 1619 34.0 
2900 7.90 .650 34.4 .540 2.9 .0338 1600 34.4 
3200 8 .. 72 .622 35.4 .510 2.8 .0336 1536 35.4 
3500 9.54 .599 36.3 .483 2.6 .0334 1489 36.3 
3800 10.35 .577 36.8 .460 2.5 .0333 1439 36.8 
4000 10.90 .562 37.2 .442 2.4 .0330 1407 37.2 
4500 12.26 .532 38.0 .410 2.2 .0328 1341 38.0 
5000 13.62 .500 38.6 .390 2.1 .0327 1264 38.6 
6000 16.35 .457 39.3 .352 1.9 .0325 1163 39.3 
7000 19.07 .427 39.9 .328 1.8 .0323 1090 39.9 
8000 21.80 .400 40.2 .305 1.7 .0321 1025 40.2 
10,000 27.25 .358 40.7 .275 1.5 .0319 923 40.7 
64 
In addition to the compliance of the three rods shown in 
figure 21, page 57, the mechanical system contains other mechanical 
compliances. These are the compliance of the s all stands in the 
backmass upon which the rare earth iron rods are placed, the compli-
ance of the center stress rod, and the compliance of the disk springs. 
A schematic representation of the various compliances of the mechani-
cal system of the rare earth iron transducer is shown in figure 23. 











Fig. 23. Schematic representation oft e various compli-
ances of the . echanical system 
In order to obtain the equivalent circuit of fig re 23 in the mobil-
ity analogy, the symbols for the compliance are replaced by an indue~ 
tance of the appropriate value. That is, the topology of the mechani-
cal picture is preserved in the equivalent circuit. This is the main 
advantage of the mobility analogy. The resulting equivalent ci cu1t 








of the system 
Equivalent circuit of the mechanical compliance 
The co pl1ance of the rare earth iron rods is given by equation {79). 
8 
s33l 
CREFE = A (79) 
where is the length of the rare earth iron rod and A is its area. 
The valu s of the components of figure 24 are as follows {in mechani-
cal uni'ts): 
CREFE at 0 4 T and 12.4 MPa = 5.34 x 10-9 : 
CREFE at 0.6 T and 12.4 MPa 
-10 m 
CSTAND = 1.59 x 10 N 
-9 m 
CROD = 4.33 x 10 N 
-8 m 
CSPRINGS = 9· 38 x lO N 
-9 m = 4.98 X 10 N 
-9 m The resultant compliance of the entire system is 1.80 X 10 Kat 
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-9 m 0.4 T and 12.4 MPa and 1.68 x 10 Nat 0.6 T and 12.4 MPa. It 
should be noted that the compliance of the entire system differs by 
only about 1% from the compliances of the three rare earth iron rods 
in parallel. That is, at this point the compliance or stiffness of 
the entire system is controlled by the compliance of the rare earth 
iron rods. Also notice that the compliances of the stress rod and 
disk sp ings are about 50 times larger than the compliance of the 
three rare earth iron rods. Thus the motion of the active piston is 
not clamped by the bias stressing mechanism. 
The dynamic mass of the active piston (front mass) was deter-
mined fro the unloaded motional impedance loop and the known mechan-
1cal compliance. The dynamic mass of the system is given by equation 
(80). The reso .ance frequency 
0 
is 2TI times the in-air (unloaded) 
resonance requency and Csys 
sys 
1 =----2C wo sys 
(80) 
is the compliance of the total system given in the previous para-
graph. By use of the compliance at 0.4 T and 12.4 MPa and the 
measured resonance frequency of 2505 Hz the mass of the system was 
determined to be 2.245 kg. The mass of the system consists of three 
parts: the mass of the active piston, half the mass of the rare 
earth iron rods, and the radiation mass of the air. The radiation 
mass of the air,which is the reactive portion of the acoustic radi-
ation impedance, was calculated to be 0.6 g. Half the mass of t ·e 
are e th iron rods is 84.2 g. The dynamic mass of the active 
piston was the unknown and was determ·ined from equation (81). 




= MACTIVE + 2 + MRAD (81) 
PIS TO 
The static ass as measured to be 1.896 kg or about 14% less than 
the dynamic mass. The dynamic mass of the piston appears as another 
cap citor in parallel 1th the capacitors of figure 21, page 57. 
The techanical resistance was also detenrrined by use of the 
unloaded motional impedance loops and the known mass of the system. 
T e mechanical resistance is given by equation {82). Where QMECH 
= 9.9 and is a easure of the sharpness of resonance. M and w
0 sys 
hav lready been given. The result of equation (82) is RMECH 
= 1770 kg/s (kilograms per second). 
= wo sys 
ECH Q ECH 
(82) 
hich has been corrected for the small radiation resistance of air. 
In the mobility analogy the inverse of the mechanical resistance is 
requ'red 1hich is 5.65 x 10-4 ~9 • The mechanical resistance appears 
as a resistor (inverse mechanical resistance) in parallel with the 
other elements 1n figure 21. The complete mech nical impedance of 
the t ansducer appears in figure 25. 
+ 
+ 



















































This section will present the acoustic impedance of a piston 
in a tube and the acoustic impedance of the fluid contained behind 
the piston. The radiation impedance of a piston in a long tube 
(\Jhich is the load impedance in this ca.se) is given by Beranek [29] 





Fig. 26. Radiation i pedance of a piston in a long tube 
(mobility analogy - acoustic units) 
The sym~ols used in figure 26 have the following meanings: 
t1Al == .1952 Pao ~ 
1 _ 6.23a 2 
RAl - pOCO 
1 _ 1T a2 s 
s 




C = 5.44 a3 ms 
A1 p c 2 N 
0 0 
where a = radius of the piston = .0635 m, 
p
0 
= density of ater = 997 kg/m 3 at 25°C, and 
c
0 
= speed of sound in water = 1481 ~ at 25°C. 
The above indicated calculations yield: 
Al = 3 55 kg/m4 , 
l - 1.701 X 10-8 
RAl -
s 
kg m4 ' 
1 - 8.579 X 10_g S 1f2 - kg m4 , and 
-13 ms 
CAl = 6.37 X 10 - -- . 
Att ched to the radiation impedance is a mechano-acoustic 
t - nsfor r. This transformer converts the acoustic units of the 
70 
(86) 
·ation impedance into mechanical units. The transformation ratio 
' urns ratio) is the a ea of the active piston. The transformer and 
the radiation impe ,ance are sho 1n in figure 27. The thru variable is 
th~ pressure P and the across variable is the volume velocity U 











Fig 27. echano-acoustic transformer and the radiation 
pe nce( mobility analogy acoustic units) 
One additional impedance is requ1red to complete the equiva-
l a t circui . This is the acoustic impedance of the contained 
cooling fluid This is also given by Beranek [29] and is shown in 
equation (87) 
ZA = [ ~~~J cot (kl) (87) 
here a = radius of tube, 
= length of tube, 
p = density of contained fluid, and 
c = speed of sound in contained fluid. 
Equat1on (87) g1ves the acoustic impedance of a length of tube 
rigidly closed at one end with a piston vibrating at the other end. 
Equation (87) can be approximated by the first two terms of its 
s ries expansion. This is shown as equation (88) 
72 
:: -J + jw 
zA w [pvc\) (88) 
where Vf is the volume of the fluid in the tube. Equation (88) rep-
resents a ser1es combination of an acoustic mass,(3~ 2), and an 
acoustic compliance, [::2]. But equation (88) is the classical 
analogy. In the mob ility analogy the series combination becomes the 
pa allel combination shown in figure 28. A resistor (an inverse 
caustic resistance) has been added to account for viscous losses 




Fig. 28. Acoustic impedance (mobility analogy) of the 
contained fluid 
The acoustic compliance CA is given by equation (89) and the acous-




The equivalent circuit given in figure 28 is valid within 5% 
A A fo t's up to about 7· A wavelength of 7 in the closed tube corres-
ponds to a frequency of 3300 Hz. Thus the equivalent circuit of fig-
ure 28 can be expected to be usable up to about 5kHz. The terminals 
of figur 28 are attached to the right terminal pair in figure 27 to 
co11plete the acoustic impedance of the transducer. 
If the acoustic compliance indicated by equation (89) is cal-
cul ted an used in the equivalent circuit, it is found to yield a 
resonance freque cy 1hich is too high. This is due to the fact that 
assumption of a rigidly closed tube is not completely valid. 
T~e volu e behind the v1brating piston has two holes in it (to allow 
cooling flu"d to pass) hich are connected to hoses leading to the 
adia or and pump assembly.. The additional volume of fluid in the 
os and the compli nee of the hoses increase the acoustic 
compl1ance 
The acoustic compliance was calculated via the motional im-
pedance loops, assum1ng the acoustic mass to be relatively unaffect-
ed The mechanical equivalent of the acoustic mass, MAA 2 , was cal-
culated to be .. 240 _g. hen this mass is added to the previously 
determined total mass of the system, the result is a mass of 2.~85 
kg. This corresponds to the mass of system when it is fluid-filled 
v«1brat1ng in air. By knowing the mass of the system, it is possible 
to calculate the compliance of the total system using equation (91). 
CSYSTEM = 
1 (91) 




The resonance frequency, w
0
, ~as taken from the in-air fluid-filled 
otional impedance loop and was 2870 Hz. Now by knowing the compli-
ance of the system when it is not fluid filled (see figure 24) and 
that this compliance appears as an inductor in parallel with the 
compliance of the fluid, it is possible to calculate the compliance 
of the flui alone. Equation (92) was used to calculate a value of 
3.97 x 10-9 m for the compliance of the fluid. This is about 84% 








There 1s no theoret1cal exp ession for the viscous losses 
(92) 
hich lead to the inverse acoustic resistance i figure 28. It must 
be de erm1ned from the fluid-fill d and unfille in-air motional 
1 p d nc loops. The acoustic resistance can be determined from 
~tion (93). 
2RACOUSTIC + RtECH = 
wo FLUID FILLED 
QFLUID FILLED (93) 
The mass of the fluid-filled system is 2.485 kg. The resonance fre-
quency of the system hen it is fluid filled is 2870 Hz. The Q of 
the syst m when fluid filled is 4.5. Substituting these values into 
equation (93) yields equati n (94) after correc"ing for the small 
r diat1on resistance of air 
A
2
RACOUSTIC + R~lECH = 9950 ¥-








The value given by equation (95) yields theoretical sound pressure 
levels \ hich are about 1 dB lower than the measured sound pressure 
a resonance. lthough this is good agreement when experimental 
e ror is considered exact agreement at resonance (at 0.4 T) can be 
obtained by using a so e hat smaller acoustic resistance shown in 
e uations (96) and (97). 
or 
= 6250 !5.9.. 
s 
--1-- = 2. 57 x 10-8 __ s __ 
RACOUSTIC kg x m4 
(96) 
(97) 
'otice that the acoustic resistance is about 3.5 times larger than 
the mechanical resistance. Thus the viscous losses in the fluid con-
trol the h ight of the response at the resonance frequency. 
Discussion of the Complete Equivalent Circuit 
hen the acoustic equivalent circuit discussed in the pre-
vious section is connected to the mechanical equivalent circuit 
shown in figure 25, the result is figure 29. The input to the equi-
valent circuit in figure 29 is an ideal sinusoidal current generator. 
Rb and Lb shown in figure 29 are the blocked resistance and induc-



























































































































































o s has been collected into one element in figure 29. Also, the 
mechanical compliance of the system has been gathered into a single 
element labled CMEcH· The circuit shown in figure 29 is inconvenient 
to use because of the phase angle (due to eddy currents) of the 
electromechanicdl t ansformer. If both of the transformers are 
removed by moving them to the right, the circuit will then be in 
electrical units. If this is carried out, the phase angle (which is 
a function of f equency) of the electromechanical transformer will 
app a in the i pedances of figure 29. Thus the complex impedance 
f eac. of the co ponents rotates as a function of frequency making 
the analysis of the circuit very difficult. 
To make the a alysis some\ hat simple, it was necessary to 
co ve t the circuit to mechanica l units. This as done by moving the 
chana-acoustic transform r to the right and the electromechanical 
tr nsfo er to the left. This results in the equivalent circuit 
s O\J 1n figure 30. The resistors in figure 30 represent inverse 
echanical resistances ith units of seconds per kilogram. The 
inductors represent mechanical compliances with units of meters per 
ewton. The capacitors represent masses 1ith units of kilograms. 
The through variable (current) is the force produced by the rods in 
nev1tons. The across var1able (voltage) is the velocity of the rods 
in meters per second. Notice that in figure 30 the turns ratio, and 
hence the phase angle, appears in only two impedance components: 
the blocked mechanical resistance and the blocked mechanical induc-





























































































































inductance, the turns ratio and phase angle are taken from tables 5 
and 6 and the blocked resistance and inductance are taken from fig-
ures 11 and 12. The resulting impedances are vectorially added and 
separated into a real and imaginary portion. 
In figure 30 the ideal sinusoidal current generator becomes 
a force generator of value ~3~ newtons. otice that since $ (see 
equatio s (77) and (78)) is directly proportional to x , wh1ch is a 
0 
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decreasing function of frequency, then the force produced by the rods 
1s lso a deere sing function of fr quency. Thus an ideal s1nusoidal 
c r en ge erator becomes a monotonically decreasing force generator. 
he decrease i e fa ce as a function of frequency is due to the 
~lux gene ated by the eddy curre ts. The eddy current flux opposes 
th_ applied agnetic flux resultin in a lower net flux. The mono-
toni d crease of force \ ith frequency may be explained by noting 
t at the eddy currents increase with frequency and hence the oppos-
ing gn t·c field increases resultinq in a continual decrease in 
the net flux which produces the force from the REFE rods. In 
tables 5 and 6 it can be seen that at the resonance frequency (2650 
Hz) at 0.4 tesla the force is reduced to 59% of its ideal value, at 
0.6 te la the fa ce is 69% (at 2550 Hz) of its ideal value. Thus 
eddy current losses are large in this unlaminated transducer. If 
eddy current losses are to be kept small, the rods should be 
suffic1ently laminated to keep J below 2 over the operating fre-
e 
quency range [24] 
The equivalent circuit of a laminated transducer can be 
80 
obtained by replacing the blocked mechanical impedance in figure 30 
by the circuit in figure 18. Each of the elements in figure 18 must 
be divi ed by (3 cp )2 ~o that they v!ill be in mechanical units. If the 
rods are la inated, additional simplifying assumptions can be made. 
First since the characteristic frequency is rather high for a lami-
nate rod (1058Hz at 0.4 tesla), the assumption may be made that~ 
is independent of frequency. It is also assumed that there is no de-
.agnetization I should be noted that figure 18 does not account 
or eddy cur ent losses in a flux return path. These losses could 





. The assumptions of no demagnetization and that 
. is independent of frequency change the expression for $ (equation 
77). Equ io. (77) becomes simply = 809 newtons per ampere. It 
1s furthe assumed that the phase angle of $ is negligible. These 
ss mptions are reasonably valid up to about J = 2.5, which cor-
e 
esponds to 2650 Hz for the quartered rods at 0.4 tesla. Thus for 
the laminated transducer a completely lumped circuit can be obtained. 
That is, all of the elements can be represented as inductors, resis-
tors, or capac1tors--none of which change with frequency, including 
the o ce generator. 
In order to analyz the mechanical equivalent circuit of 
figure 30, an alternating current circuit analysis program was used 
on a PDP-11/45 comp uter. The values of the resistors, inducto ' 
capacitors, and the force generator are input into the camp te 
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rogram in mechanical units. Thus the branch and node voltages out-
put by the computer program must be interpreted as velocities. The 
b anch currents must be interpreted as forces. 
The ultimate goal of the equivalent circuit is to produce 
the acoustic power radiated by the mechanical radiation resistances. 
The po~er dissipated in a mechanical resistance RMECH is given by 
eq• ti on ( 98), here V is the ve 1 oci ty and F is the force. 
R S PO 'E = '2R ECH = (98) 
Since fig re 3 as two 1nverse radiation resistances, the acoustic 
po er radiated, P , is given by equation (99) a 
(99) 
,:1 re v1 is the veloc ty across RAl and v2 is the velocity across 
R 
2
.. In this analys1s the current is set at 1 ampere. That is, the 
~a ce generat d is simply 3~ . The voltage applied to the transducer 
is given by equation (100) here V is the velocity produced by the 
force generator .. 
Driving Voltage = V3$ = Velocity x Turns Ratio (100) 
The acoustic pressure at a distance r from the piston can be 
obtained from equation (101) [30] 
p = ; [p a:~ coR~~ (101) 
where P is given by equation (99) and p
0
, c are the density and a - o 
82 
sp ed of sound in tater, respectively. R
8 
is the directivity factor. 




2 , in a reference direction (usually the axis of 
the transducer) to the intensity r or j)L the rms pressure squared 
averaged over all space. Thus the directivity factor is a measure 
a~ the sharpness of the sound beam. The directivity factor when ex-
pressed in logarithmic form is knovn as the directivity index as 
sho ·n in equation (102). 
D.I. = 10 og10 (R8 ) = 10 log10 [
I10] (102) 
The directivity index of the rare earth iron transducer was measured 
.cram the directi ity patterns and is shown in figure 31, where k is 
t e avenumber and a is th radius of the piston. Also shown for 
cc .p ison is the directivity index for a piston in an infinitely 
long tube. The largest departure of the rare earth iron transducer's 
0 I from the ideal D.I. is about 2 dB. 
The acoustic power radiated is found via equation (99) at the 
discrete frequency points indicated in tables 5 and 6 and the direc~ 
tivity factor is fo nd \~ith the aid of figure 31. The distance r in 
equation (101) is set at 1 meter which is the standard reference dis-
tance. The acoustic pressure then obtained through equation (101) 
~s refer 'l.,ed to either the driving current or voltage. If the pres-
sure is normalized to the driving current, the resulting frequency 
plot is known as the transmitting current response. If the pressure 
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CHAPTER IV 
PRESE TATIO AD DISCUSSIO~ OF RESULTS 
Circuits for Driving and Receiving with the 
Rare Earth Iron Transducer 
The c1rcuit 1hich was used to drive the transducer is shown 
1n f·gure 32. 
2 2 H 
HIGH CU RE T 
---- BIAS CURRENT 
--SUPPLY 
10 MFD HIGH VOLTAGE 
TRA SDUCER 
1 OHM 
Fig 32. Ci~cuit for po er drive 
+ 
The 2 2 H inductor acts as a choke to the alternating current 
coming from the 1-kVA power source. This prevents the alternating 
current from feeding into the direct current source and forces the 
alternating curr nt through the transducer. The direct current bias 
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cu rent passes freely through the 2.2 H coil. The 10 MFD high-volt-
age capacitor blocks the d"rect current from the alternating cur-
rent source and at the same time allows the alternating current to 
pass freely through. The purpose of the 1-ohm resistor below the 
tra sducer is to measure the alternating current and direct current 
passing through the transducer. 
Figure 33 shows the electrical circuit for receiving with the 
transducer. That is, a sound pressure is incident upon the transdu-
c r and he res lting voltage is received in the below manner. Even 
then the transd cer is ecei vi ng, it is necessary to pro vi de a bias 
urren as sho n in figure 33. 
2.2 H 
sou 0 p ESSURl
11 1 1 
r TO VOLTMETER 
TRA SDUCER 
BIAS 
CURRE T SUPPLY -· 
1 OHM 
Fig. 33. Circuit for receiving 
Transmitting Current Response at 0.4 Tesla 
Figure 34 shows the transmitting current response versus fre~ 
kA t . qu ncy at 0.4 tesla (4.3 m). The transmitting curren response lS 
86 
defin d as the sound pressure output in micropascals (1 ~Pa = 
-6 
10 m2 ) per ampere of current at a distance of 1 meter. Shown in 
f"gu e 34 is the measured response at 0.4 tesla compared with the 
re ponse computed from the equivalent circuit of figure 30 using 
table 5. The computed response shov1s good agreement over the entire 
frequ ncy range. The computed response without eddy currents or de-
magnetization is also shoJn in figure 34. Th"s response was obtain-
e by letting equal its ideal value of 809 ne ons per ampere at 
t sla \ hich is independent of frequency. ~tice that the blocked 
i .pedance need ot be altered to obtain the 1deal transmitting cur-
rent response. - is is because the blocked impedance is a series 
ele e , thus it consumes no current which would ordinarily pass 
, ough the adiation resistance. The ideal response is 5.5 dB or 
al :os facto of 2 above the computed response at resonance (2650 
z). 10 k z the ideal response is 10 dB above the computed 
l s. onse. oti ce that the idea 1 response above resonance is vi rtua 1-
y flat wh1le the same portion of the computed response has a nega-
tive slope. This negative slope is caused by the effect of the eddy 
cu ents in d creasing the magnitude of the force generator. If the 
effect of d 1 gn t1zation alone is added to the ideal response, it 
is found that the resulting curve is 2 dB below (at all frequencies) 
tl e id al response shown in figure 34 Thus eddy currents account 
fov- th major difference between tlle ideal and computed responses at 
the higher frequencies (resonance and above) while demagnetization 
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200 COMPUTED RESPONSE WITHOUT EDDY 
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F · 34 Transmitting current response at 0.4 tesla (4.3 -;-n) 1 g. . . l 
h s a substantial effect at the lower frequencies. The 11 Q" (sharp-
ness of resonance) of the transducer in water is 7& 
Transmitting Current Response at 0.6 Tesla 
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Figure 35 sho s the measured transmitting current response at 
0.6 tesla (14.3 ~A) compared \Vith the response computed from the 
equivalent circuit of figure 30 and table 6. Here the agreement is 
o as good as in figure 34 but is still fair over the entire fre-
ency range. otice that the equivalent circuit predicts the 
eso a ce frequ ncy to increase to about 2700 Hz due to the increase 
i stiff ess of are earth iron rods \ ith bias field& The measured 
resonance freq ency decreases about 100 Hz to 2550 Hz. This dis-
crepancy though s all, is unexplained at this point. The major dif-
ences in the ~easured responses of figures 34 and 35 are that fig-
r 35 has a dec ease in resonance frequency, an increase of 1 dB in 
th response at resonance, and an increase of 1 dB in the response 
above .esonance otice also that figures 34 and 35 show a 12-dB 
increase from 500 Hz to 1000 Hz or an w2 rise which is typical of a 
agnetostrictive device far below resonance& The "Q 11 of the trans-
ucer at 0 6 tesla is 10. 
Transmitting Voltage Response at 0.4 Tesla 
The transmitting voltage response versus frequency at 0.4 
tesla is shown in figure 36. The transmitting voltage response is 
define as the sound pressure output by the transducer at 1 meter 
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1 (4 .. 3 kmA) Fig. 36. T ansmitting voltage response at 0.4 tes a 
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1s expressed in decibels by taking twenty times the logarithm of the 
pressure per volt divided by (referenced to) 1 uPa per volt. The 
computed response ·as obtai ned from figure 30 using tab 1 e 5 and the 
bloc ed i pedance cu ves of figures 11 and 12. Again good agreement 
is obtained between measured and predicted values over the entire 
f equency range. otice that the transmitting voltage response falls 
ff mo e rapidly, as expected, above the resonance frequency (2650 
z) tha does the tra smitting current response. The 11 Q11 of the 
sduce in this frequency plot is 8. 
Free Field oltage Sensitivity at 0.6 Tesla 
\Jhen the rare earth iron transducer is placed in a region 
containing a free field plane progressive wave a voltage is generated 
the terminals of the t .a sducer via the in;erse magnetostrictive 
effect. The f ee field voltage sensitivity is a measure of the open 
circuit output voltage per unit incident pressure and is given by 
e~uation (103) in dB. 
20 0 .9 1 
= 20 ( open-circuit output volta~) l og free-field plane-wave pressure) (103) 
The sensitivity is referenced to (divided by) 1 volt per micropascal. 
Thus if a calibrated frequency plot of the sensitivity is obtained, 
it is poss1ble to obtain the sound pressure in the water by merely 
measu ing a voltage. The free field voltage sensitivity at 0,6 tesla 
is shown in figure 37 The computed sensitivity was obtained by us-
ir.g the computed transmitting current response of figure 35 and the 
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Fig. 37. Free fiel voltage sensitivity at 0.6 tesla (14.3 ~) 
ratio of the receiving sensitivity to the transmitting current 
response shown in equation (104). 
J = reciprocity parameter = ~ 
1 = receiving sens i ti vi ty 
S = transmitting current response. 
93 
(104) 
necessary but not su f ficient condition for reciprocity is that the 
t ansducer be li near, passive, and reversible [30]. The reciprocity 
parameter i s di sc ssed f urther by Bobber [30]. For the free-field 
cond ition t he reciproci ty parameter is given by Bobber [30] and shown 
i n equat i on (105) . 
J = 2d X 10- 12 pf (105) 
·, ~re d i the measurement distance, p is the density of water, and 
f is · h f t equency . Thus vi equations (104) and (105) and the 
conp ted t ansmi t t ing cur ent response of figure 35, the computed 
sen_ iti vi ty of fi gu e 37 is obtained. The agreement is fair over the 
f equency range consi dered. The "Q 11 of the transducer in the 
receiving mode is 7. 
Transmitting Voltage Response for a Laminated Transducer 
The effect of eliminating eddy currents upon the transmitting 
current esponse was seen in figure 34. In order to observe the ef-
fect of lamination and eliminating demagnetization upon the transmit-
ting voltage response, the blocked impedance of figure 18 was substi-
tuted into figure 30. The rare earth iron rods were assumed to have 
been 
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qu rte ed. The method of analysis using figure 18 was described at 
the end of Chapter III. The computed response at 0.4 tesla of the 
laminated transducer wi thout demagnetization is shown in figure 38 
compared with the computed response at 0.4 tesla of the unlaminated 
transducer \ ith de agnetization. Before discussing figure 38, recall 
from the discuss ion at the end of Chapter III that the equivalent 
circuit of figure 18 is valid only up to about 2650 Hz; with this 
in oind, consider figure 38. The most important fact which can be 
d n from figure 38 is that at resonance and below the laminated 
a u l a inated responses sho very little difference. The reason 
for this similarity is due to the fact that in the laminated version 
t e fo ce generated by the rods is grea ter but at the same time the 
blocked mechanical i pedance no longer decreases at the rate of the 
unla ·n te transducer (see figure 12). Thus in the laminated trans-
d cer en though a greater force is generated by the rods a greater 
vela ity (vhich is p oportiona l to voltage) is required to overcome 
the larg er blocked mechan ical impeda nce. Therefore there are t\IO 
opposing effects. Th e increased force would tend to produce a 
greater response if the impeda nce stayed constant, but the impedance 
incre ses in such a anner as to cancel the effect of the increased 
fo rce . The close agreement between the two curves of figure 38 is 
probably fortuitous, but in general (at least at the lower fre-
qu nci s) a large difference between laminated and unldminated 
transmitting voltage responses is not expected. Notice that the 
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Fig. 38. Transmitting voltage responses of a laminated and 
2n 1 a linat tan ducer -t 0.4 tesla 
th. peak of the unlaminated transducer at 2650 Hz. 
The meas ured electroacoustic efficiency at resonance of the 
unlaminated transducer was 11%. This was obtained by a direct 
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easu ement of the input electric po er and calculating the output 
acoustic power from the on-axis acoustic pressure and the directiv-
ity factor . From impedance measu rements it was determined that about 
50% of · he input p~te as lost in eddy currents in the unlaminated 
' rsion. The remaining 39% of the input power is dissipated in 
7 ° hanical, viscous, and hysteresis losses. 
The effic1ency of the laminated version {quartered rods) 
c~n e obtained by using the equivalent circuit of figure 18 in the 
c'rcuit of figu e 30. The total input po;er was obtained by calcu-
l~ting the power dissipated in each resistance element. The eiectro~ 
a~nu5tic efficiency at resonance calculated in this manner is 16%. 
- , e eddy cur ents dissipate 31.5% of the power. Mechanical and 
viscous losses in the fluid account for 49.8% of the energy dissi-
pated . Alternating cur ent ohmic losses account for 2.7% of the 
po er consumed. 'otice that in this case the electroacoustic ef-
iciency has increased only 5%. The sma ll increase in efficiency is 
due to the limiting effect of the large viscous loss in the con-
tained f luid. Even if eddy currents were totally eliminated the 
electroucoust ic efficiency would increase to only 23%. If the 
viscous loss is eliminated (by draining the fluid out), considerably 
different results are obtained. The electroacoustic efficiency of 
th lamin ted (quartered rods) transducer at resonance (2650 Hz) 
is then 48.7%. Eddy currents consume 16.4% of the power and 
mechanical losses account for 33.5% of the losses. Alternating 
current ohmic losses in the power coils account for 1.4% of the 
po\Jer consumed. 
onlinearity at Power Drive 
In order to check the linearity of the rare earth iron 
ttansducer the sound pressure versus current was measured, this is 
s' o n in figure 39. Also shown in figure 39 is the linearity curve 
predicted from the transmitting current response (TCR) at 2.55 kHz. 
The measured curve departs from linearity by 2 dB at a .25-ampere 
(rms) dri e. The acoustic v1aveform generated by the transducer 
· shows considerable disto tion at the high drive levels (.3 amperes 
and above) . Before d a 1ing any conclusions as to the cause of this 
nonlinearity and distortion consider figure 40. Shown in figure 40 
are two linearity curves of the same transducer as in figure 39 
except that the rare earth iron rods have been replaced by 
identically dimensioned ceramic (a well known linear material) 
ads. lotice that the transducer with the ceramic rods also shows 
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a departu e from linearity (about 4.5 dB at 200 volts). The ceramic 
version also shows increasing distortion with increasing drive 
field. It is believed that the nonlinearity shown in figures 39 and 
40 is due to the flexing of the active piston under the large 
dynamic strain at resonance. Above resonance, where the dynamic 
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Fig. 39. Sound pressure versus current at 2,55 kHz for the 
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Driving Voltage (Volts) 
Fig. 40. Sound pressure versus voltage at 2.7 kHz for the 
ceramic tr~ n I 1c r 
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distortion is negligible and the nonlinearity is greatly reduced. 
The piston flexing is due to the 35:1 area ratio between the rare 
earth iron rods and the active piston. If the area ratio were 
re!uced to 10:1 or less the piston flexing could be greatly reduced. 
It shou,d oe noted that the transmitting current and voltage respon~ 
s s v1ere measured 1ith a drive level of approximately .1 ampere 
1hich is in the linear region of operation. The maximum acoustic 
po e output by the rare earth iron transducer at resonance was 9 
1atts \lith a 400-volt drive, which corresponded to a sound pressure 
level of 184 dB ref 1 ~Pa at 1 meter. The equivalent circuit pre-
icts that the laminated version {quartered rods) should output 40 
· tts at the same drive level and frequency assuming linear 
operation. 
Comparison Bet1een the Rare Earth and Ceramic Transducers 
This section will compare the results of the rare earth iron 
transducer with the results of the same transducer where the rare 
earth iron rods have been replaced by ceramic rods. The three cer-
amic rods were each constructed of 20, .25-cm thick, 1.27-cm diameter, 
thic~ness-polarized lead-zirconate-titinate (PZT-4) disks. These 
disks were epoxied together to form three stacks 5.08-cm long and 
1.27-cm in diameter. Thus the volume of ceramic and rare earth iron 
rods were nearly identical in each transducer. 
The transmitting voltage response at 0.6 tesla versus fre-
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Fig. 41. ~o p rison of the transmitting voltage responses of 
the rare earth i ron nd cer mic transducers 
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r spa ~e of th same transducer with the rare earth iron rods re-
placed by identical ceramic rods is also shown. This figure shows 
the advantage of the magnetostrictive rare earth iron transducer in 
ter s ot greater sound pressure out per driving volt at the lower 
freque cies. The transmitting voltage response of the rare earth 
i o t ansducer is 15 dB above that of the ceramic transducer at 
CO Hz and 2 5 dB above at 2.65 kHz (the resonance frequency). The 
of the are ea th iron transducer is 7 and of the ceramic trans-
ducer is 4 
The transmitting current response versus frequency for the 
rare earth ira at 0.6 tesla and ceramic transducers is shown in 
figure 42. The ceramic transducer produces a greater sound pressure 
er dt iv1ng ampere The difference bet1een the two curves is due to 
t e high impedance of the ceramic transducer and the low impedance 
of the . are earth iron transducer. If the rare earth iron transducer 
~ e laminated its response wou ld be raised 4 dB at resonance bring-
ing it within 1 dB of the ceramic version. The ceramic version 
sho~s an w dependence far below resonance and the rare earth iron 
version an w2 dependence below resonance and an independence of w 
above resonance. Here the Q of the rare earth iron transducer is 10 
whereas the ceramic transducer has a Q of 5. Th2 effective coupling 
coefficient of the rare earth iron transducer (that is, the coupling 
coeffici nt of the entire assembled transducer) at 0.6 tesla was 
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Fig. 42. Comparison of the transmitting current responses 
of the rare earth iron and c~ramic transducers 
104 
eduction from the value of 0.6 for the alloy itself is primarily due 
to eddy currents and demagnetization. The effect of eddy current 
lo sses is to decrease both the effective coupling and the bandwidth 
(or increase the mechanical Q). For a laminated desian an effective v 
coupling between 0.5 and 0.6 is expected. The measured effective 
coupling for the ceramic version was 0.5. The measured efficiency 
of the ceramic version was 25%. 
In figure 42 i{ can be seen that the peak response of the 
rare earth iron transducer occurs at 2.55 kHz and the ceramic version 
occurs at 2.9 kH or 14% higher. Since the inverse of the elastic 
c mpliance coefficient (1/s~) in the rare earth iron alloy is ap-
proximately 50% lower than in the ceramic, one would expect the rare 
earth iron transducer to resonate at a frequency lower than it 
actuall does This does not occur because the bias stress increases 
l/s~3 in the rare earth iron rods by 55% and the stiffness of the 
flu1d behind the piston adds appreciably to the stiffness of the 
system thus leading to the observed 14% difference. 
Figure 43 shows the free field voltage sensitivity of the 
two versions. The rare earth iron version is at a 0.6 tesla bias 
flux density . He e the ceramic transducer is superior to the rare 
earth iron alloy transducer with eddy currents. If the rare earth 
iron transducer was well laminated, its sensitivity would be raised 
by 4 dB at 2600 Hz and would be equal to or above the ceramic from 
5 kHz on. The peak sensitivity of the rare earth iron transducer is 
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sensitivity of both versions is very high (a typical standard hydro-
hone has sensitivity of -200 dB reference 1 V/~Pa). The high 
sensitivity is due to the 35:1 area ratio between the piston and the 
c · ramic rods. The large area ratio acts as a pressure multiplier 
thus increasing the sensitivity and the transmitting voltage and 
cul rent responses. 'otice that the large area ratio has the bene-
ficial effect of increasing the sensitivity and responses but leads 
to the nonlinearity and distortion at power drive due to the piston 
flexing . The ceramic transducer is independent of w far below reso-
ce hereas the rare earth iron alloy transducer decreases as w. 
The flat region of the sensitivity below resonance probably makes the 
ce amic transducer ore desirable as a receiver at low frequencies. 
CHAPTER V 
CO CLUSIONS A 0 FUTURE STUDIES 
The three ajar objectives of this paper, which were out-
lined in the introduction, have been met . The greatest problem in 
the p esent design is eddy current loss which accounts for about 
so;· of the input paver. Ho1ever, eddy currents can be greatly re-
d ~ed by laminating the rate earth iron rods with a diamond saw or 
a spark cutter. Eddy currents are inherently lower in the rare earth 
i on aterial tha in nic'el because the rare earth iron alloy's 
incremental permeability is lov1er and resistivity higher . 
no he problem a ea is in the requirement of large magnetic 
fields he large magnetic fields can be produced by large current-
t n densities but this leads to ohmic losses and requires blocking 
capacitors and chokes along with additional wiring. Permanent mag-
ets can provide the requisite magnetic bias if some coupling coef-
ficient is sacrificed and an aging effect, which would be absent 
\v · t h the use of d i r e c t current b i as i n g c i rc u i try , i s accepted . I n 
either case, saturation of the magneti c return path by the large 
dynamic and biasing fields could occur without proper design 
conside ations. 
Under advantages the lower inverse elastic stiffness constant 
(lower sound speed) in the rare earth iron material leads to smaller 
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resonators for a given frequency. This is offset somev1hat by the 
tendency of the sound speed to increase with bias stress. 
The low voltage (high current) requirement of the magneto-
strictive rare earth iron materia l is of increasing importance as 
one goes to lo er frequencies. At low frequencies piezoelectric 
ceramics ( thich have a capacitive reactance) require a very high 
oltage drive whereas to drive a agnetostrictive material one 
simply adulates a current source. 
The larger electromechanical energy density of the rare 
eat h iro taterial is a result of the larger strains available 
ith the rare earth ion material . Of course, one pays the price 
of larger losses due to the large magnetic fields required. 
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The are earth iron material appears very promising for use 
in n ult a-low-frequency projector for use in a closed tank cali-
bration syst m the e the low voltage and large displacement of the 
rare arth iro aterial is advantageous over a ceramic material. A 
flextens1onal transducer 1s also possible where one can take advant-
age of the larger displacement . A bender bar transducer would use 
a positive 1.agnetostrictive (Tb. 27oy_ 73Fe1. 95 ) and a negative mag-
netostr·ctive (sm. 7Ho_ 3Fe2) material. Here one also takes advantage 
of the large strains available. 
Finally, for many reasons ceramics are not threatened by 
competition from rare earth iron alloys, but a complementary role 
is quite possible. At present application in low-frequency high-
po 1er projectors appears most promising. 
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